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(PY), noar (Au) wazidu (Ag) Insldnguieiduainumuiuu (Density Functional Theory) Falawe
LwiamﬁﬂgnL‘%’aaquuniﬁ\lufﬁﬁﬂ‘daa’jNL?{mvﬁaLﬁuﬂszﬁw%nww'uaaﬁ”;@ﬂ%‘lﬁmmsn@msb’ulé'ﬁﬁ
onmgiivies Tnslassaremgaduiliiuszgninlugaduansdunidszivedionde  organosulfur
(thiophene), organonitrogen (pyrrole, pyridine), organooxygen (furan) Wag benzene IMNNANTT
AuIuwU Pd, Pt, Au uaz Ag feumnzandmdulilunsiSevuiuinasitusiatesiraden
uenInTudmuinsurindesiradefiFedionduernontuie 4 svnouvatlavens iy
(tetrahedral and square planar) @usagATUANIBUNIOTEIMENBYin pyridine 1ﬁ€1ﬁqﬂuuﬁvu?n
Mgatu driuwdsnumsgaduyes pyridine Uuﬁuﬁuﬁaqﬂﬁmﬁuﬁqﬁ Pt, (-2.11 eV) > Pd, (-2.05
eV) > Ag, (-1.53 eV) > Au, (-1.87 eV) muﬁaﬁmm’tﬁﬁudwﬂstumeimdNtﬁmﬁgmﬁaﬁwntju
smontwIm 4 pzpouvedlavgvsudduannsaiiludszgndlfiiuiangasuiflunisida
AUV ITNEIY

Abstract

The aim of this work is to investigate the adsorption of volatile organic compounds (VOCs) on
transition metal (TM) doped single vacancy graphene (SDG) by using density functional theory
(DFT) calculation. To facilitate the adsorption of VOCs under ambient conditions, various TM
species such as Pd, Pt, Ag and Au were decorated on the SDG surface to increase the
efficiency of adsorbent. Adsorption energies were calculated for organosulfur (thiophene),
organonitrogen (pyrrole, and pyridine), organooxygen (furan) and benzene. Catculation results
showed that the Pd, Pt, Au and Ag cluster are suitable for decorating SDG surface, which can
be adsorbed stably on the surface. In case of VOCs adsorption, the adsorption strength of
VOCs adsorption especially pyridine on the TM cluster (tetrahedral and square planar) doped
SDG surface are Pty (-2.11 eV) > Pd4 (-2.05 eV) > Ag, (-1.53 eV) > Auy (-1.87 eV). Our study has
indicated that TM doped SDG is a suitable adsorbent materiat for VOCs removal
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a159unIdseinedns  (Volatile Organic  Compounds:  VOCs)  ifuaisusgneusinan
lelnsarsueuiionnasiisinduidovuitu sandiau vgeslssd Faues Tuslud wielulnsiay
Tnoaziindulasead1efiiaisls @liphatic) ¥3ouuuaa (aromatic)  Tudnwmesneg saulufeans
nqudailed woanesed warAlau vOCs amnsassmenanaiiuleliireigamgiivies Tnefinnusiu
Tounndn 0.14 mmyHg o gaumpiivies VOCs indusamasansinuaciivualuanalailvgjin laod
ovmoupsueuiiuduUsvneuagUstana 2-12 evaey VOCs #nulutuusssimainiaginms
RanTauvesywd Wy mawinivendemdaneada diuiiu wasfwsssumd wienslHidusain
avanglulsanugeamnssumaalisine unaanida vOCs fiddey Tour I'sqmuama'mnssu 139U
WTET S0BUSUATNM VLAY gRannTsud Tsanuiweiives salwiand uiu \Hondaneada w3o
fesssund gramnssumsiadeviatansneg Wudu ans vOCs fasanliunuagsnuiy audl
ransznumsiinnuasdudunsesioguain lnsudans VOCs eenmudnvuzveluana u 2
ndulve) 4 Ao~
1. Non-chlorinated VOCs #38 Non-halogenated hydrocarbons laun ﬂq'lla’\'i VOCs st
smpaosunseslanululuana laun aliphatic hydrocarbons 1@ fuel oils, gasoline, hexane,
industrial solvents, alcohols, aldehydes, ketone u,axnajumi aromatic hydrocarbons (uanssii
viazae leun toluene, benzene, ethylbenzene, xylenes, styrene, phenol Wufu a5 VOCs
nduiliinandwanden mawiwinese: wanadn Yag asfvhazane dman Wusu
2. Chlorinated VOCs %38 Halogenated hydrocarbons laun ndmla‘lmm%uaui:maﬁﬁ
s1mpaosululuana 1w 1,1,1,2-  tetrachloroethane,  1,1,1-  trichioroethane,  1,1-
dichloromethane, 1,2,2,- trifluoroethane, bromoform, methylene chloride, vinyl chloride and
vinylidene chloride 1Uusiu a1sngachlorinated VOCs sxiimnudufivuaziatosdiludwandoy
1INAIANS VOCs ﬂa'u non-chlorinated VOCs tw3ng ﬁiﬂsqaiwwuwuﬁssxmwamsuamm:ﬁmmau
slauiivuvnuinn snsenisaaneialusssumAnedinin menenw wielasmeiteiivaly & il
muashguazaranliug amedmsinmldon sumunisiauresansiusnsy wie Suds
Ugnsmmmiﬂuwaa wazligrslunisrionzida wIenseRunNsAnuziSale
ShonmautRfiszmedieres VOCs il VOCs finduiisiute LLa%ﬁm‘TJuuam’s nanduls
Feviliigramnssuiiiisadostu VOCs ez grissSeunnyuvuegiane wenviniiudar VOCs Fadl
HANIENVOYINNABAYN IR WY LT dRInna smna'[w,nma'm'ﬁuwﬂw Tnganwizlsaniudu
wiglalivarsusznm venantuudaans VOCs vnimduluasnolsrusdeiousesinnis viane
TUUIANTITE9319NNY WAYDINMINNTANUSYAMVIAIBDE1 18U N15$79uDY mﬁaﬁauﬁim
Fumd visovumadld sy suilufamansenussdannden Tng VOCs manuussunmiy & :uwans Ny
ratuloloy yududufreiviliAnusingnsalideunsyan (Greenhouse effect) Sndag™



euiuléin VOCs Tnarduieguamuaziiuinden uazsniiszauaunalnlunisings VOCs
MnnssvIuMIkaziansseeg Tasawizanlssnluih waglsaugramnssy fafu Sadieu
Fuuogrebefivssoainsidavegadu VOCs seninledveslssnuneufiazgnuanydesesn
Tugduussena luilegtusgaduiitenlfuundedufuiiua® * (activated carbon) delidnuay
Tasaamuaiifunsilvddlrenainufisen Faurasdurensilud (graphite) asUszneuluse
n31#u (graphene)” ?&'0L‘fluﬁ’aqﬁﬂszﬂauﬁaa‘ﬁguL?{awaaasmaums’uauﬁé’mL%'mcv’fﬂuszmuamﬁﬁ
(20) Fidnwaziulassteiuuiais (Honeycomb) Smundausannusfitminiu fiswsuuagiuil
gy deuannselunmsgaduussiguiemsysenounng 6 waglutaglulalinnsuszendly
sutusiinsdemylavevsudtuvdennudosiauiineuiudy Iinanedusignduuisn
vieansuszneuiiiussansamgalsinnine eghalsiniy esnmuvainanemaaiivesans
VOCs uragalia vilimsidenmgaduiiinudime (selectivity) fe VOCs Ussandng i
arudfrenmaiinssansawlunsfida Vocs Wusthann

TunsAnuidoadsl ssihnsinmmgaduussnmnsiuiiinisde (doping) Tanensuddu
winsneg WeAnwmavesnsiewlaveiisneiuseussansnmlunisgaduats voCs wlinsneg 5
viin l9un benzene pyridine pyrrole thiophene uay furan ﬁ’JEﬁ%‘V]NLﬂﬁﬁﬁmmﬁﬁmmuﬁuﬂ’lm
1#ur 33 Density Functional Theory ZsmanisAnwvesanisedud mmmmmm‘lmwaﬂmniaq
(screening) wﬂ'ummﬂmummmswmuwumu‘lusmwmﬂgummma iethelunsesniuy
Wuutananduiiierdaans vOCs Aifivseavinmgamwedmiuninilulilumaausisly

1.2 IUsTaIAvaeUTY

1.2.1 Lwaﬂﬂ‘mmmmuﬁxamjaﬂﬂ'sqasw‘lumswawﬂawwswu%uﬂsvmwma‘]awu
MuRINTITY saulﬂmmsmmmﬂu,avaﬂwmvmﬂﬂsqaswwmmvamaaﬂaamaﬂaw'zjumma‘mu
aruadeslumsiFeuuiuiins it

1.2.1 wefnwiwazilisuiisunisgaduansdunidsemeiis (VOCs) vuiuiinstudiiins
Worowy Tavevsnudduuuungg wisuisdwnasmdnunsaaduvosusazsyuu Ingldsadeu
7 DFT

1.3, YaULBAYRBINTIVY

MMsfinyINseeduastunssseveis (VOCs) vuiuinns i osslansnsiy FPuILA
7199 laenisidelane 4 wila loun uwandity unaiaion Su Loz Ve wanilugaduas vocs 5
vin A9 benzene pyridine pyrrole thiophene wag furan i)’\ﬂum‘d'iUumwmwumsﬂﬂ‘wmﬂmﬂ
wamsmmmnumwmmumsﬂmuwlﬂmnms‘vmaawsammwnawm LWEWI'i]uW'i]’ﬁm'MWYJﬂﬂ
%mwm"auwaﬂlumsmw VOCs NammwunUmmsa‘l‘uLUmmeamﬂm“lumsaanLL‘U‘ULLau

wwmimaﬂa‘uaamﬂmums VOCs ma‘lwmmwuwau‘laamﬁ'iﬂmwaa']maEJ“LwamLLa:UssUnﬁlsu
'lumaammvmssulm
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1.4.1 annsoaiuwngadunsitunilemenguerneuvedavensuidulssinnsinagla
1.4.2 Wawmquiuazanuinlatinudume (selectivity) vessigadunsifufiiiesmelave
Ussiaeinag Tunisgaduansdunsdsemsiteussinnanan e
1.4.3 fimnuganutungnisiumsfinymamguiuuiuguvesmsimnaieiimeuiuiag
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2.1 N5EUIUNIRATU (Adsorption Process)

mst%’UL"fJun'izmumiﬁl.ﬁm‘b'aaﬁumiazauﬁwaami Y3 9AUTNIUYBIANSNIUSLIUNURD
wsesenimmvi (Interface) nszviumstianunsainfiuinamidudassning 2 annzla 9 iy
goavaiuresvad Mefuvearan Aeiuvewds visvennaiuvewds Insluenaviorvaasun

- v o ' @ ' a0 v o [ , @ 11
NNANIULIENINAINYATY (Adsorbate) AIUEITIMINUINYATULIENIT @139AYY (Adsorbent)

v

2.1.1 nalnveanszuIunsnagu

m3gadu (Adsorption) [unszurumsinminansazateviearsuviuassuaing wazany
agluiliioguuiinvesasdnaiiavils Tnsfiansazmevidoasuruassruinidniiiondt Adsorbate
duredsiiinduiinmzSuresasiignanduidunit Adsorbent mspaduiuinianfunsgadu
sewinanuz (Phase) fing 9 Weauaa Uy fio vesviad (Liquid) fing (Gas) uay vowwds (Solid) Fadl
ifauuy veuar-veanad fMe-veanm fMe-veauds wazvaavad-voauds nelufitaznnsanis
WRWITLUY Y8aa-v8ude (Liquid —Solid Interface)

lunsgaduinluanavesasazatevdeansuuuassfivsgnidneenantt uagliimsiined

vuigadu Tuanavesansdnilvgjazimzfuegfvinanglulnsseashgedunasiiiesdiutiosviniy

f}
P ¢

wimezagiinaisuen nstumlianaanniilumsesduiiintulautiaunadmyen w yeauna

audniuvesluanalulazmdetssiwszluanadwlvgiedounluinizdvediuigadulaylu

ManefAnawil Driving Force 8¢ 2 UWUY Ap MIgadunINIenw uaznsgaduniaadl

2.1.2 YsEnueansgagu
{]Qﬁaﬁﬁﬁ'@umsvan‘oﬁmaqﬂsxmumiﬂﬂ%’mzﬁmsmmnLLsaﬁﬂmﬁmawdwﬂuLaqaﬁgﬂ
grduivivesasgedudusdamisndunsiwaunesanad (Van der Waals Forces) wiumsge
Funanwnm (Physical adsorption) Lwiz'husaﬁﬂmfimv‘i’flﬁl.ﬁﬂﬁuszmﬁswdwﬂmLaqaﬁgnﬂﬂﬁu
AuivesEsgaduIziiondt NIgadunianil (Chemicat adsorption)
2.1.2.1) MI9AFUNIN1BAN (Physical adsorption) LfJumsQﬂ%'UﬁwLLiaﬁﬂmﬁm
gwinluanaegseouquazitiuuseitlidmunfients 1wy usawamneings (Van der Waal force)
vseWustlelasiau (Hydrogen bond) msgm%uﬂixmwﬁﬁwé’amumm%aumaamaaw%’uﬁau%’wﬁaa
ogflutas 20-40 flagasiolua (0.2-0.4 ev) uavannsafiansiundureanssumsidneiaduien
wswansaiminmgngadussnanivesagaadulsineg wazenainnsgAduLUUT o unateY

Fuld (multilayer) lnsnsgadusilaiianunsadnlddgumaiiuninas i indusgasimEqiuii

9 Y



Tuanaindeufiinduiausnaimimgadu ieanandignanduaziadeudieananndignaadu
(desorption) Fafunsthsgeduiiliudnduulslmisnads

2.1.2.2) M3gagumaail (Chemical adsorption) L‘fJum'ig]ﬂ%UﬁLﬁﬂ‘ﬁmﬁaﬁugn@m
Fuiiniussiefifusigadu wu msliruauddidnaseusiudiu usu Feazdmalingngaduifuiia
msiavuLLas e SmwhanswsBamivisewinezmeuvonduovmewiu 9nduaziini sindes
sxmouduansusznoulmilneinussiifaduiuseiudouse Indsanmunsgduidunioidos aa
Soureansgaduiiingeussana 50-400 Alagadielua (05-4 eV) Wuszmaaiifiintuduusedn
wileaftanuudause Seilinsmdasmgnasdussnainiangedurilioin sizesduseneuiign

aeaduiinisidsuulasantiniauaiivasn1sgatuiduiuutuden (monolayer)

v .
s <f I v @ @

2.1.2.3) msgm%’mmuuamﬂﬁﬂu (Exchange) LfJumsqmuﬁLﬁﬂmum AIONAAYUN
shaaduiiulessuiiivssgnsstuinmieeaifinanmsumuiivesussaiifivesTangaduivlosou
Vewgnantu
2.1.2.4) NIPAFULUUIRIZIN (Specific adsorption) LfJumsgﬂ%’UﬁLﬁWﬁmﬁaﬁLwa

Soumiionsgrindiuanamgeduiushgngaduiiimifeidusguuiui uisgedulifimsdvuudas
Tnseaine nsgaduediadesimdlumsBamiissyserimdsnunsgadumenisniwwarnis
andunIaLAll Iﬂﬂfﬂ'ﬁ@,ﬂ‘a’UﬁLﬁﬂ%u‘lfu‘aSiuaéﬁvﬂﬁﬂﬂaﬂﬁaﬂﬂﬁuﬁUﬁ?Qﬂ@)ﬂﬁU%ﬁﬂﬁuﬂ
2.2 \AliARUNUADS

wnfireniiames Wumansmifssgninntflumsideetiesieduiiovsvanm 20 Wiknuan
weiflummndusdudimansilduiuguredivmeuaiineufiames PINGUNaFARSAIOURY
(quantum mechanics) uaznamaniiBeatia (statistical mechanics) %aLfJquwﬁLd']ﬁﬁmmaugszﬁ
TumewNa1eNATY *7{LﬂuLﬁuﬁstwquwﬁwNﬁ'mﬂzﬁmmam%ﬁonénﬁmmdamnLLax%'UGz'fau
nn winszineufnmesfiiussansnmgsludagiiufgiliannsaysznanaldnsuiumamdn
ol ﬁoﬁgummﬁ'nuﬂwu,asﬂmmwwawmﬁ'\"]uLﬂﬁﬂauﬁ’nma%ﬁaQnﬁmumLasr'ﬁﬂUW'%amﬁ'u
mawaualuladmedunsufinmes AiiAniulussosvarsamssuiiiuuuasmaiiesin
viahJSfmmawmsswﬁaﬁanwﬁéx’mﬂ%’uaw%LﬁuawE‘\gwuﬁﬁatv}'lﬁmmxauﬁuﬁﬂam‘wmmm‘%m
LTI AT AR

infinauiumesazAnuaTRvewmsdmivuiazerneuvioluiana nduSaiwmneiads
wosiazoraouvioluiana Jamssiufumsnaaesluiowjoanmsiinriadsnsnitluuamals
\WumiRvesudazesaeuvisluiana nuidsludesdfiinsanseansuinasludanistvesmes
vEeluiana Iﬂamsﬁwmﬂisnaw‘s’mwﬂus‘hLmﬁoﬁﬁaamsLﬁa'lﬁlﬁl,ﬂ%‘mﬁaszﬁ’u‘[uLaqa fiflzusha
uazlasaaiinuanudeanisivsinlUldnulsdadudonmes unlunelulad (nanotechnology)

memasﬂ,uwawﬁuﬁmsmmaﬂmﬂ%aaﬁaﬁﬁﬂmuq‘j’uﬁaul,l,axﬁﬂmqa fjueiireuiianesdaiy
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s Qs

madenlmivesmsnauide sadiinsesnuuuiasnisviunelasiaitvesansiaiiviefantuas
wazauURlanzen

szfouisaldlunumaaiinouiamednoaszuialsiiu 3 nqude F3nsmaaiinmoudy
(quantum chemistry) F3namansluana (molecular mechanics) kagTsN1sNNABNRIABITYaTY
(computer simulation) %ﬁ%msusmfmx'lﬁuamsﬁwmmﬁﬁmmLLﬂuﬁﬂgaLLsiﬁﬂawu%’U%auMWﬂ

AU URLATY (nsrsdindrinvesaeuinmeslullagiu) dulawizsyuunyseneusisluiana

1
Vs

wadnduudsznailifaulanainiy dmiulsnns computer simulation HuFEn5AHSEN
Tneviluiy molecular dynamics @nunselddnnszuvtnalugfivszneushevatoniiuwieovens
wauezaen aunsauiuanudndy Audulargungil viseaulilagliaenndasiumvnasdld
2.2.1 NMSAMUIUNNLATATDUAY
2.2.1.1 AUNSARY (Wave function)

fugruesnamanimioufuiausnnmsueslanuuuaiu linduesuie dading 4
Schrodinger  tinAnenamansyneeatniniiudinmadninluliedniauls dioaulaly
svuula q fimumnausaadaunsiiavusseneszuutu 9 Wud (Gond aumsadumsizian
souldmuiaumsifiausfimiousunsifldesuendu) aansefissmautivesssuuiulalnonis
tierlaweisinesvesautity o lunseifvaunisadudrauleaudisu q SnAresneneum
Towawswosiiietostuauditulunseyhiiasliau i fnauls ssdiuimdnnisiuunia
Ad1e 9 fun1sneass wu 145sddunsusalunisfinwantinisdu 195dendlunisanuiszoy
sewisarnemdudiu luujianisiiseelvanuavlafunguiamousuans fuaunsaduves

Schrodinger AlaiuiuLIan

HY = E¥Y (1)

laefi A #e Hamiltonian operator WUsznauNNaN Kinetic operator (77) uag Potential energy

operator ( 4 )

H=T+V )

Kinetic operator Usuanisnisindeuiiveseymeluszuuilouls

1[0 & &
+—+
27\ ox} oy oz

1 1

(3)

@1u Potential energy operator L&Aty Coulomb interactions Tusguu
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INOULINLANILSINENTENINTILAGYE InauABILARILIIRIARTEVINaTlafsadiy
didnasou onflauuanusmdnsznedidinasey

aunsadudnavuil liAnnaues Relativistic effect lunsiififesnsnnugniomin
fuansofnsmdlulunendsliuavanunsoviliaumsiietu Ielfwntuiiiedeaminnd
didnasounn msindeuiivesdidnaseuiuluedesimduiuninisiuivesiaedea onnis
Uszanesiyih Bom oppenheimer approximation aumsﬂﬁuﬁ'aaﬂgﬂaﬂﬂimﬂﬂwsﬁnawwﬁaﬁ%’uﬂﬁu

(Wave function) Y84Di@NASOULAR

A elec elec elec  elec
:EI V/
A elec 1 az az az Zi 1
==y L e Loy Zayy—
25 axl ayl GZ, VA o A o (5)

2.2.1.2 Variation Theorem

F3nstiauntsves Schrodinger fivsdlowding wsiziiliinannsodnwszuule 9 1
YANSIU Wave function ve3szuuiiuuasld Operator ﬁmmzau{]zymaQﬁdwﬁtﬁaaszuuéLéﬂmsau
dowimiusiansautldlaviBiddiesned uvenaniimnovvesaumsedufifldunuelnsannses

Wave function lakidndndiuiu niduldmuannisaduvesszuunis 5 egralsfiauasimasuiion
Winliu Miwdsaumiign

I:I‘¢l> = E'|¢l>’
I:I‘¢2> = E2|¢2>’
Hlg,)= E:lp)

......................... ’

...... >E.>2F,>2E2E, 6)

Tun19111 Wave function mﬁwﬁw'}uﬁﬂﬁqﬂﬁa Ground-state wave function #4314
Variation method 183uKINLHINISIAT Wave function BUAUAUINEUSENI Trial wave

function %38 Guessed wave function a8 Wave function mmsnag'l,ugﬂmsmnmaa Function
A4 9 i Parameters mnafy



Ll

L

b=cf rc.f,tef,tre.f, (7)

AmdsauFadiu Expectation value fazuléann
gy _TeelS 11T )
<¢‘¢> ;C,Cj<f,-lfj>

(8)

1mBn15USU Parameters un3eyia First derivative U84 Expectation value iy

Parameters ﬁﬁthJugué a11150%1 Ground-state wave function 1@

o1t é)
W) _CE_  dici23.m
aci aC; (9

2.3.1.3 Density functional theory (DFT)

Hunguimanamansmousuildlunisfinumaiianduaziadi Tnglddmiuaom
TnssasrameBidnysetindfiantigiuvesszuusa  Wibussreuarlnanadusulunguiiiauta
vosdidnmseuasgnesunsunufeilaidunrumnuiuredidnaseu lasgniausndausniusd 1970
wazimAunuiinugnie i awelunisAuiamaaiiaeusiildlud 1990 Famuiwanis
Fmnuildannds OFT dufimnuaenadesfunismnaes Tusasiinaildlunsinadeutialos
defieuiuTsAlHuUURY U Hartree-Fork theory #ild Wave function wane 4 faddulumsesuny
BldnmsouULsazY

Fo31invessuilouis DFT Ae luawnsadwinussdunsfsersenintuanals 1wy
Vander waals force, charge transfer excitation wag Global potential energy surface

AMURANNITVY Born-Oppenheimer  approximation  lun15AuIMlATIa3 19919
Sidnvsetind Twndvaszgnionsanliegiuil viliemasnudndlusasiinsindeuiivesdidnaseu

Tuseu q wazAmmdinuaatansallvuaunis Schrodinger oy



~

o N R N N
AY=[T+V+U]¥ = Z"E;VfJ“ZV(’f)J“ZV("’") Y=E¥  (10)

1

WioAnluszuuTISEnAsaUu N i
H @9 Hamiltonian

f® Total energy

~, I

fB Kinetic energy

<

#9 Potential energy

>

79 Electron-electron interaction energy

FBuiaunis Schrodinger Ao dunanMsAIEHINTUAGUUNUAIY Slater determinants

Foriwiigafe Hartree-Fock d@nisnsfidudounindusiniionin Post-Hartree-Fock usfiliiaunse

@

vengliaunsaldiussuuilnglussiu DFT Ssimuduiieruasyuunididnaseuuin Tnglu

—
o

DFT shuusvidfnfeldnnumnuiuvedidnnsou n(r) wayinn1s Normalized W ¢

n(r)=N[dn, [dr,..[dr ¥ (7. precsra ¥ (R (11)

[
= Y

Tumsinniianneiiuiisiudsdsl #Heidundu W =W [n, |, Operator

O[no]:I<T[n0]lé|T[no]> (12)

FENsaF M IuTan el
E, :E[no]:<‘P[n0]|f"+l7+0|‘1’[no]> (13)

waliodsuunuimen <‘I’[n0]|V|‘I’[nO]> Mesvwantivesdidnaseussiaiduaunuiuiy

vin = IV(;)nO (;)d3r viseanyuily

V[n]zjV(;)n(;)d3r (14)

leaunisiva
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E[n)=T[n]+U[n]+ [V (r)n(r)d’r (15)

nuiinsiue (the variation theory) liluniséunamdmdsnu E[n]| #imiga anviheayld

aunsauaun1siuguueddd OFT Auvann15wed Kohn-Sham

v, (7)[6(7) =< 4(7) 16)

2m

Tutsapmmsseithuniamufumheganalunsiaunismssnunuantives
Fanuazuuuiiansveanszuumsse q lutan mswannififugiuanann  Density  functional
theory (DFT) Fsthvanmiugisinuazanududouteimssunsisensewindidnasoutudidnaseu
Tuszuuiiddidnasousiuauunn wuirnuAavdnues OFT  Asn15eSunessuuiii - Many-body
interacting HUAINMNLLLTEIBENATOULAZNISUNUTIYES Many-body wave function

35 DFT Haeanquiivnandnmaniiugiudegniigavilag Hohenberg wazkohn eui]
UMKINAD “NE AN IERUINANNSHSORND Ao HedtufitevresnumnuiuBidnnseu
vty E(p(r)) dwsuszvuvanudidnnseulu External potential (Ve)” wdamudusidu
vowr v iuvesdidnaseudaiuilaiduvesiumisdidnnsou nquiuniiaesie “Anumuuiy
vedidnnsoufitivannislindanulaguve sileiduduanumuniudidnaseufiaonadosetine
gnfosifofissuddgwiesdialdusduvvuvosannnis
wsoRNen” annsadvuaumsldfed

E(o(r)=T(pr)+V, (o) +V, (o(r)) (17)

wianeauarilaidudidnaseu - Sldneseulildiduiizdauasiululilifosdwon
wiana ) AuantRvessEuUle 9 wqwﬁﬁgnuwuﬁiﬂquﬁmaq Kohn uag Sham

Kohn Waz  Sham tauaimdsnulavaunsasanudunasinvemdsuaauililéd
Sumsﬁ‘%mu,azm*mLmﬂﬁiwiwinwé’w1ua1a15*7iQﬂﬁaaﬁuwﬁqmuaaﬁﬁlﬁlﬁﬁ
Junsisen SumsiSevesdidnasey — Bildnmseugnuvieeniiiuaedudiunncineiu fe diufinanadn
Wondu Hartree uazduiiliranadnazuansfiaunist

Eys(p(r)) =T(p(r) + Vo (p(r)) + Eyy (p(r)) + E, . (p(r) (18)
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sUwuumsiiasgifiutusuresanudiuusniduiiidndy £, foflaidumnuduiusves
msuaniVAsunazsanfimndumsisonitlidindanaguuuunFitasesiuuuily dhsuuuuiiuiuou
yoafterduanudiusvaansuanudouuiiidn wia kS aTH
wiauiigneies

@/

ANUMIMIENEAYDI DFT  ABn1KIN15Ies1sReaIfanFuauduwusiunig
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2/ J

wanwdeuiiissaneaiignderineiduaudiuslunmsuandeudsliuiidn egrlsiny
msanudiusvesnsuanidsuliumeiagniesdsmumnuiuvesdidnaseuiumasinngg
uiuiid 3nsilfesueiladdumuduiusvosmanandsuduiiidniuluied Local Density
Approximation (LDA) LDA TsSunisfimnsantiifiunisussinmurdusuaudiefiasvensauiteiy
Aaranadnvesmnuruiuresuvdndglundvesrnumuiiulazeywus

oA hilfaularmuliidudoderfuresrrumnuiulszgsiidenesnuandas
snfedidnasouiiiudoiontu mavssnumsudy 1 msedliidoyaiieatunmumuumiuves
SudnmsounaznisldsedvluminunuiuduvesdidnaseudasoninGeneralized  Gradient
Approximation (GGA) LLa:ﬁ'gULLUUﬁ'ﬂUé’aﬁ

ES" = [(p(r), V(p(r)p(r)d’r) (19)

Lﬁaamnﬁwmaiﬁﬁﬁagamnmﬂéizﬁuﬁmmm'mumu,ﬁu?)Lﬁnmaummam'suaq’lu
Hardu GGA Fafiflaidu GGA Aumnsatuinning Ussnausie Perdew-Wang (PW91), Perdew-
Burke~Ernzerhof functional (PBE) LLazW\iﬁ%’uﬁU%'Uﬂqw’m PBE (RPBE)

GGA MlulinadnsTigndoanniusiaiioudu LDA Tnslawzegnadslunsyinnemiu
suszuazndsnulumsBaduvedliana Tuuiseds LDA awnseviuie Lattice constants Téfinn
Slewfioutu GGA etlsfimuste LDA uay GGA LiannsoviuneautiniedidnnsetindvesTaniii
Anudaniusiuegann guassaiiilugnisussinaeiiiuwi LDA uay GGA
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2.3 Maumunanddouavguiiiiieates (Literature review)

¥ 2013 nguidoves H. Yildiim uagauz ' TivihnmsAnsimseaduiuudy uu
Huihwoslaveuilanneg 2 wiladuiufe coinage metals Feusznauludie sold (AW sitver (Ag)
Waz copper (Cu) Waz transition metals 1¢iun platinum (Pt), patladium (Pd), rhodium (Rh) uay
nickel (Ni) Tneldszitoudsaoni uarAmuumwdanumsaadulagly method 1Ju
PBE uaz vVDW-DF 5 wlin laun optB86b, optB88, optPBE, revPBE way rPW86 Wan1sAnwInu
A5UK van der Waals (VOW) %ﬁﬂﬁd'\wﬁwﬂu'lumsﬂﬂ%uﬁfhL*?‘v'u%u uaReRIguTl 2.1 uazwuin
SupsiNTLARTUSENIN VLT coinage  metal  svdaunitdunsisersewirauuduiulans
ns ity uenantuudadomuinileld method [ optPBE uas optBs8 sxviilvrmdsaulunis
andulvudiudirnasnndeatunan1snaaes Selunifuganuin vOW interaction avdanang il
i dyrenuifdulavensudty

optB88

S 2.0
o

| CJoptBesd

Cu Ag Au Pd Pt Rh  Ni

3U% 2.1 Aamvdanulumseaduiuuduuuiuinveslavevsuddusiingen

-Nauiveues K. Tonigold wavAn’ IﬁlmumUuaﬁmL@Wﬂ‘lumsﬂnmmsmw benzene,
thlophene G H pyrldlne Uumﬂﬂ%‘u 2 vl Ao wummawaa LATNDIAITLA 111 INMISANEY
wumwummﬂﬂ‘uwL\Juwaammimmu benzene, thiophene uag pyndme Iﬂﬂm'lmmmmmﬂu
NBILLY UBNAIAUUEITIMUTANTSF I pure DFT laonnaosfufunasinms
yaaeIBniY AEIUN13RAYY benzene, thiophene Wax pyridine Vusgaduiiiasswiin uan
Faguil 2.2
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EDFT EDFTD ERR
Hybrid Grnimme
Au/benzene -0.03 -0.76 —1.35 —0.63
Au/pyridine —-0.06 —-0.71 -1.26 Not available
Aufthiophene -0.09 -0.73 —~1.24 —0.57; -0.68
Cu/benzene ~0.02 —0.61 -0.36 —0.59
Cu/pyridine -~0.06 —0.59 —0.82 —0.52; —0.56
Cu/thiophene -0.07 —0.61 —0.81 —0.59

JUN 2.2 #&11UNIAYU benzene, thiophene Uay pyridine UUNURIT9IDI UAZNDIN

NgudTees N, Atodiresei  uwazAmr' liin1sAnwidunsdsemiaadl 2 wiia
fio chemical uay van der Waals interaction (vDW) #ifisiase heteroatom Ltu avmenveshilasiau
3 wuu A Wuana benzene pyridine Wag pyrazine figngedusguuRLATemeMAiln 110 Tagld
s20oUTs DFT uansisguil 2.3 namsinymuin suwmiwes molecular orbital vesiigaduua
shgagaduiuegiuduiumes heteroatom uanantuwdITaUINSRY VDW finanenisnadu
benzene ToBUIN uANITLRY VOW siinaegranfen1sgadu pyridine Imuwm?iﬂumnmsﬂﬂ%u
yamenmidumsgadumaeiiiufusdtu  warlunsdues pyrazine vDW azfiunisBianne

gwidlulanauazRufinmgady

Py-Cu(110)  Pz-Cu(110)

gﬂﬁ 23 msq]m'fu benzene pyridine Way pyrazine YUNURMBWAWTR 110

BzCu(11

Hussain wazAmz'  Idinsfnwimsgaduans vocs Ussmnquansusenaudanes
(Organosulfur Compounds) ngldfgeduiulmwmiivylaeenlssiFesslaneiudeds DFT &
wansAnwnyIlanedudelanuinnmilensenda (OH group) vaslmniion laeenludiiilase
KANWUY anatase uaﬂmﬂﬁmsﬁﬂmﬁqwuiwnszmumsQﬂ%wm VOCs {JUUUURUSENIY UaRdR
3V 2.4 laslamzmsgaduuinaiiiinmadelaveiiuiu awgaduldd 1aeas heterocycles aneady
1#inin vOCs Uspiamdu Fawamarnungaduiildfinuaenndoiiunanisaaesisigedy
ERR
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311‘7; 2.4 1as9as1aves (a) dibenzothiophene uag (b) 4,6-dimethylbenzothiophene
naaduuu Ag-TiO, cluster

“ngui3des K. Nakada uazanz ' Iivinnsnylagldssdouisioniluns gaduosnon
vossmdasavualuanzufauuRuRINT HuLUUUNATIA 3x3 supercells Tapfisumidlumsgn
Furamn 3 fumis Wud suvisuussmeumiveu (Top site) AumaUuRUGESEINDEADY
psuaLantozmBLTiag ARy (Bridge site) WarMUMLIRGINANUUTBIINIVDNIMMIMABNULUH NS
#u (H6 site) nmamsAnyMUNIsNBase 7 vila ﬁgngm%’wuﬁ%mﬁq Top site |¢@vian Fadu
ngjdusmlunduelaisu uazsmdasedn 18 viia sxgnaaduuusiumis Bridge site litadinsiian
Fadlvgdusglumy 14, 15 uaz 16 wassmdaszfivdenniinanunezgngaduuumumis He
site 1AATian LanafiaguR 2.5

18] He
1.96 | B-site
| Ho-site

3U# 2.5 migadusndasesnen luanmsufavuuiivensii
warAmdsnunmianduvesdayszuuluniie ev
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nduififeres L Ma wazenr’ Ivhnsdnwlagldsaleuisienitlunsinmnisgadu
‘laimwuuuawamaﬂamu:waLaLﬁauﬁgnLﬁaawuﬁuﬁaniﬂwﬁﬂmas] 5 oiln Ltamﬁegﬂﬁ 2.6
laun Pristine graphene, Boron-doped graphene (B-doped), Single-vacancy graphene (SV), 585
Double-vacancy graphene (585 DV) way 555-777 Double-vacancy graphene (555-777 DV) 310
msAnvmui #ufnnsfuuuy SV annsebamziuezouunatalfonliafign Jedsmdanums
gawnnz (Binding energy, Eb) AU 5.37 eV mﬂﬁ?un'siwg'i%’alﬁﬁﬂLmﬁuﬁansﬂuﬁﬁaﬁwawau
w5 il TuvnisAnwinmagedulaanalslasiou :inmsAnwannseaguléd fufan
sufidesveraouunaaioais 5 viin aunsagadulelasiaulianaldiomn 3 Tuana sntiu
fuinnsuiiFesoozmenuwaaidouuuy 585 DV fiaunsagadulslasiaulfidie 2 Tuana
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OGO BO=05: | VO=BO=SH=BO PR ST—
Ui 2.6 Wuiivesnsiunlineney Midefusznsuunaiaiiio (a) Pristine graphene,
(b) B-doped, (c) SV, (d) 585 DV uaz (e) 555-777 DV
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-nquififeves Lopez-Coral wazan”” WhinisAnulagldszifouisaewilumsgndy
lelnsiouluana Tagldgadurianun 3 win wanswaguil 2.7 Hud Aufnsiuiidedvezney
wnalain unalalionignidestuu (10,0) adusuunluiinidudedidnvarauudnuen (10,0)
Zigzag single-walled carbon nanotubes) LLasttwaLaLﬁauﬁQnLﬁaaE‘J:Uu (5,5) afueuunluingty -
enfitidnwazuuvo LTS ((5,5) Armchair single-walled carbon nanotubes) 31NN1SANWINUIN
svmauunalaIfBIIrgnEmmzaguuns uLuuUndlddfige  waznuRansuiiSedseraen
uwaiaiufdadauaanselunsgadulalasiulinanalddiignindae
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top site

hridge site

hollow site

(10,0) zigzag SWONT (5,5) armchair SWCNT

Ul 2.7 wanamsBainmeveunataiistasmenuuRuinsMULUUUNG
(10,0) zigzag SWCNT waw (5,5) armchair SWCNT

-ng1Adues P. A Denis wazany  WltsuilouiSaenilunsAnuinisgadu thiophene vu
Aty 2 il AD single wall carbon nanotube (SWCN) waz ns1u uamuamﬁagﬂﬁ 2.8 uag
2.9 3NN3ANY MU thiophene anunsagadulannaluriesuluves SWCN wnniwiuuenues
SWCN  uendntundadamuinsdiilinsiulusigasusrgady thiophene Tdmiloluiana
thiophene 1afamunusuRuwIgAdy

3B, P Y
a? Ca ‘QH %5 3
Py K 2 b
3 'i .J F) Y '.?
» 3] e e 0 M
> 2y @ d 2 .
2 odsd o 5 3 3 Y ) HN
£ a2 e *,
» P i
Vosa? Taaa? ¥ ?
R & F
Q 9
A 3 3 3
- Dol » v % o
Oy .y
29y a_,ewi %'l @ 3D
i % 2 »
Y a ) ¥
3 > » 3
> 8
2 H %“ 3
> 5 ;
y 2 ) &
’u‘,‘ew 2390%

3UN 2.8 nsgadu thiophene vuvieuluiintuuuaiaden
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Parpeanhicula-$ misorpaon
Parabal adsorphon 2 3
>
N
?

1 rwmsars m%

Perpendicuby-2H adsomption

Ferporha-1H adsorption

%ai et
J\\ a o Q‘,Q
4 2

JUR 2.9 m3gadu thiophene vuns My

-Nqu3T8uea CM. Ramos-Castillo kagAnss” Wvhmsinyimsgaduuidlelasiauuuiuion
siuwuUteriaRnIioMmonduor meLUNALIRBLTLN 1-4 BEABL UARIRITUT 2.10 HamsAn
WUIINAWUANEALINTY (binding  energy) maﬂmaqalaiﬂsLau%uay:ﬁ’wmﬂmaanduamau
uwalaiisuLazmuislunisgadu Tnsunfudiusesewintezaeulslasiauszunnsenideiinnng
adanussiunguesnetuwalalivy n1sAnaIsaiugladmdinunisianizvesluana
lelasiauazanasan 12 ev 1Hu 0085 eV Fsduiusiudnnuluanafigngaduuasdunsiton

gwinlanefulslasiouuuiufians i venanduuiidmuinsfuuuterihadefidesendy
BYABUUNALALAEN 4 DBy Wurliedfienuamzuasiidnenmlunsiniulsiasou
LWTILDEMBUTDIUNALA LY ¥ 4 pymeNanINaiRusElAnEuR Fuiilindsenilunis
Banefmnumnzanansagadulelasiouuarlalasiuansavaneenldfigumgiivesuazany
fuivngan swdeiuandiiuidunsiiesewinsnfuuuderifivareumaseiuuily
vadlavzvilinsiuifulalnsiouuuiuinsuuuutesiaiionivssansamanniy

Physisorption

Chemisorption

[ J
“ H.‘,iPd on pristine graphene
T T T T

1 2 3 4
Pd atoms

3Un 2.10 a) magaduualslasiauuunsftuwuuterihufvifesonguesnouunaiaiionyunn 1-4 axnon b)
rmwu,ammiLU‘%UUmaum‘wamumsqmﬁuLLnalaImmuuuniﬂuﬂnmLLaxni'quuuu‘daad'mﬁa’J
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-nquEideues N. Supawadee wazaniz’” Ivimsdnwinisgadu m-xylene Tngldgadu 2
4iim A9 pristine graphene uaz defect graphene #iFose tetramer cluster ¥4 platinum
palladium gold uaz silver lasldsuiUouisalond uamﬁegﬂﬁ 2.11 MNKANISANYINUIT m-
xylene @usopadulaauy defect graphene ey tetramer cluster vadlanesingg uInnd
pristine graphene #it30¢e tetramer cluster wadlanysinag wonantudanuin nMsgaguves m-
xylene Uu defect grapheme ﬁtﬁaﬁ’m tetramer cluster 983 Ptg lae Pd, L‘fJ‘LJﬂ'\’iQﬂ‘?fUWNLﬂﬁ du
ms@ﬂ%’u m-xylene Uu defect grapheme i3y tetramer cluster 184 Aug Uay Agg L‘fJumsQﬂ
FunnnMunm uazwuin defect grapheme 7ii3edae tetramer cluster 84 Pt anunsonadu m-
xylene liTign

3U% 2.11 mMigatu m-xylene vu defect graphene #i3eshe tetramer cluster
294 (a) Pt,, Pdg, Aug, Ag
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A1INNaBI
3.1 gunsalazganuafitldluanuide
1) wioweniaune’ Mlunsiualasinaesrofinneiundeufuinssuuindete uas
Tegeninrsarslunisnszarsanniielissuvyszaanaaiunsoussananandouq fu weiiuda
auansaluntseusliiiussans amnnd ity LLazuanmnﬁé’ﬂ%’ﬁmé’uﬁwmsm%aulﬂé‘ﬁay‘aa'a
idszuunsiuna gy minalassaduluana msuiulasiaduana wazsn1silialasiaiiaiie
MMIANWANTRRAG VD915

2) Wiunsudmnaumaaiimeusudaihmihilunisesnuuuuasdtassiuianmans Tiud
Material Studio 5.5 fauandluzuit 3.1 lidmiuasauazeenuuuluanansuvisdesitaiend
Remolavensuddu wefnviauandilunsgadumsdurdssmsivuiufaniusiadesin
WWefidedesnelangnsuddu

“l Matenals Studio 5.5

31]17'; 3.1 TUswnsu Material Studio 5.5

3.) Wsunsufudedoya laun Tsunsu Putty dwandluguit 3.2 Tdmdunisiuuazdedoya
Fadumsiutoyase SSH TWsunsy

3U# 3.2 Wsunsu Putty

3) Wsunsuiiusiusadoya Teun Word Paint dauansluguil 3.3 Tidwiumshundeya
warsEazduaveIaN Ui 9 NildainnisdnwiiedmisisnurarienuranIsine

guﬁ 3.3 Wsunsu Word uae Paint
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4) Tusunsua$rans v loiun Excel waz Origin fuandluguit 3.4 lddmsuiuvteyaiidudmiay ua

LLamNa'lugﬂﬂ'sWWLLamﬂ'nuﬁ'uﬁuﬁ'LﬁadwEJsiam'sﬁﬂmLLazmﬁLﬂsﬂxﬁna

3UT 3.4 Tsunsu Excel ($18) woz Origin (¥1)

3.2 5ulisuiside

Tunszuaumsfinwinanaduans VOCs uuiuinsfuuuutesidnfidesslansviy
Feuhuadld Dmol’ Tulusunsu Material Studios.5 dsildumouuasisnisdeil

1) a¥lassadsanifveskuinnsftuluudesinaied uddesenguosneusuiauil
prmouLATNGueTABNTLIndes AeNvalave I TTU 4 via Ae unalalfivy unaiit vies uazdu
Tagl#lusunsu Material Studios.5 dwfumsiienduernonvuindesaeuvedlansnsmudsuiis
v'hmsﬁnmiﬂsaa%'mﬁLa5Us‘uaanzjuasmammﬂ%"axmamaﬂammwu?&%’u‘[ﬂamsﬁﬂm geometry 2
WUUAIBAU B WUU A 3 geometry WUU Tetrahedral wazuwuy B i geometry WUy Square planar
Faguit 3.5

3U# 3.5 nguernoxlavensuddu (TM) ;jududisuans geometry Wuy Tetrahedral uazdmue
&M geometry WUU Square planar

2) pintusmnalassadedafulumussouss Density functional theory (DFT) InglgWandunis
Uszanamuuuioly (GGA) wiin PW91 wudalemdio DNP - vaslusunsy Dmol’  tuyslusunsa
Materials Studio 5.5 ndminsfuaaieerlilassaneiifininuaiosinniian

3) fwalassaisiafiosvesesmeimionduaraenlavensndfulasldannvieriuiu
fuinsifuuuUTeriades (SDG)  waziufansiiuuuutesitaieiiiFediolanensuisy
(TM/SDG) udiieldlumsiuammdsmilunisBamilen (binding energy: E,) sewinamuiians iy

LUV AR ILAE L avE NI 1T
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4) ndsnuildnnnsmuimunuiins Ruwuuterinafeiilomelanensudtu (Eqyspo),
AN FULUUTEIINUREEse) WazavmoumsonquazneulangnI Bty (Er,) Aawansluzuin 3.6

nmwumndsulumstamien (binding energy: Ey)iaill

Eo = Ermwrsos — Esps — Etm

SDG TM doped SDG

<R

™

A <y 1 1 o o v <4 ! @ Qs g <
Un 3.6 NIMURUUYRTILREITIRDMBYReuVIaNguarRoUlane NS WITY (TM/SDG), WukN

FMULUUYRIINUAYT (SDG) uarevnauviionduermeulanens1udiu (TM)

5) v ntutfufansfuwuudesiudnafidosserneunienguosaeulansnsuisu i
wdsududulianaasunidsumedte (@13 VoCs) faglvigedy Tuiidagvinisnunspady
a159uUNSdsuedny 5 vin laun benzene thlophene pyridine pyrrole way furan miih'l 3.7 oy
whesannivesiuanaats VoCs wuiuinsfusuuteriadefideseesneuvdondu
avnoulavensnddu Tnglunifoivzueniinnsannisnssveduanaans vocs semiiu 2 wuy
fo lmanavesans VOCs wunuivssuuiufnsiuuuudesiadeiideslanensudty way
Tuianavesans VOCs  aeanfussuutesiuin naituwuutesiaisiiferslanensudduss
uandluguil 3.6 uaz 3.7 Famsnslinana VOCs Asandussututesituinnsuuuutesvimingaty
WL heteroatom  iwnlavensudduvuiufians fuuuudesiiniey elwasoungy
dnunzmsgaduidululs
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Benzene Furan Pyrrole Pyridine Thiophen

3U#t 3.7 Tassadreluiana VOCs

U 3.8 Tasaadreiuuu wasudie msnalaana VOCs wunuifussuuiiuiiy ns1tuwuy

Y9N

Ui 3.9 Tassaiwinuun uagduan mivliana VOCs mainiussunuinuity nsituuuutesing

13

6) Intusnalassaidudulunuszdouds Density functional theory (DFT) Ingld
i PWo1 wiaemAe DNP weslusunsu Dmol’ Tugalusunsu Materials Studio 5.5 w&snyi

asfmnaaivazlilassaianianuatiesunnyign

7) simntluanaans VOCs  Wehwuiansigfutuiuiinsfusuudeshafsiide

musznauvEanguazaeulavens AT wasnsgaduans VOCs vuarneuvienguesnoulanensu

]
o

FuniiIovuiuiInT fuwuuteridey weldlumsdinnaummdsnulunmsaady
8) Uwdanuilannnsiuuiuionifiuwuuteriufeindemesznouvienguasnoy

Tanegna Bt (Enwsoe), WURINTWLLUUTRTINALINITOMYD RENIONd B RaulanensWTTUT
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L7 L73 A o s
AAUES VOCS (Erwysnc » vocs) Wazluanaas VOCs (Eyocy) Aauandlugun 3.6 1ndmnumimasay

Tunspagudail

Eads = ETM/SDG +VOCs — ETM/SDG - EVOCs

TM/SDG + VOCs TM/SDG VOCs

5Ui 3.10 Msgaduas VOCs v fusuuternuiiiFesslavenswatu (TM/SDG +
VOCs), ufnnstuuuutesiideafideselanensudsu (TM/SDG) wazluana (VOCs)
9) Syl eitoyn dsioluil
9.1 Fimszilassaiefuamdsamilunmsgaduans VOCs vuRufins fuwuugesia

WenTildemslanensugdy
9.2 ALY PDOS 8IM5Qaduans VOCs UNNURINTIHULUUYeIIufgnTose
laveniugdu

10) ayunan1svaasd
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uni 4

NANISATUIULALIATIEHNANITAIUIN

TunsAnwinspaduansdunidssimedie (VOCs) 5 viin laln benzene  thiophene  furan
pyrrole Wag pyridine VuRUAINSULUUTeIIAY (single vacancy eraphene, SDG) #idede
Taviensuddu 4 wiin Ao unalalioy (Pd), uwaditu (Pt), vam (Au) wazidu(Ag) Feanusauus
msdnweeniiiy 2 dauseiu fil

0.1 MsAnRumINSuLUUTs RN TS esezaeslane sty

4.2 nsfinwiuRansiuwuutesiuieiiidemenguesnoulangvs ity

(4 pyraDYU)

4.1 MIAnvuRINTuLUUYe IR S esnermoulansvs Iy

MsAnwRUTI NS RuLUUTBI R edus nonlanevstudtu 4 wiln Wi uwaadion
uwaiits e waziiu uiseenilu 2 @iy fl

8.1.1 psAnsAmEInuNstamilen Binding Energy, Ey)

4.1.2 n13ANAMERIUN1SAAFU (Adsorption Energy, Eags) Y8aN38UNIEIEIMY

Ny

4.1.1 nsAnedmdanuntsiamiea Binding Energy, Ey)

TunsdnwAmdarunsiamiionsewinesneulavensudduiuiuionsuluuteriafen
TnensiSooznonlanzns iy 4 win loun unaalion uwafitl os waziuasuuiuRINs Y
wuterihadslrsnsiunumaaiimeuty  wiihasuiulaswaiediatiosvosiuinsfuwuy
Foriadey suilufvesnouvdonguesneuveslavevsudtulaslisulouds Density Functional
Theory (OFT) sheflarifunisussnauawuuialy (GGA) wiin PWO1 widawnio DNP Auialngld
Tusunsy Dmot Tugslusunsu Materials Studio 5.5 wasnldlassadefiiafiosvosiuinsuwuy
Foriadsudhmsmuusmdulunstamion () sewilavensudtunasiatuiuin
suwterhaiy  mntudinwilasiadefiadioswasndseulumsdamiosewinsernenlave
nsudFuiuiuiansusuutesiuisr duandunisiei 4.1 sludassouiiousmdanunises

WMTRENTEMINNURINS WULUUTaIw e TUlanens1udtu
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nnransAnWUI AmdsaulunsBawionsewinsereeulanensudtuusareinfidovu
RTINS LT YIRE) Sindaun -1.98 eV i1 -6.85 eV Inglanznsudtuiildandsanulunis
Samiisrvuuinnsiunuutesianisinniiandeormonumaity  Safinmdseulunisdamie,
WU -6.85 eV uanntuudsmunamdsnulunisiamisissuindaensu@duiuiuiion
sLUUTeI s mediA LN 1 eV uandifiuneraonlanensuidundviinanuise
FaduldfvuiufionsfusuutesihadsniionndwdnuBamidnilddmeglutimsgaduma
il daaliflanensuddumarisidnenwiiagldiiulansduiuieasuuiuionsunuudesing

Wewelans VOCs unimzuulanensugtunsdytini

d 1 4 v/ <¢ a’ 1 U a e/ L 4': a <
5197 4.1 Iaseadne wdssulunsdawiien (B,) uazszarimsserindlanensudguiuiuinniiu

LUUTREINaiY)
v @ 'Ys v %) Eb R
lang TAs96319 (Auu) TAseasne (Rud9) .
(eV) (A)
AA A A A A
A
Pd m/\« s ST 1.951
i
LXK
: f/k\,/&{‘ A
T T
Pt AN A -6.85 1.957
Y Y :
ANAAA
Au el v 233 2.093
f
Ag -1.98 2.270

A9 4.1 HoRNSUITTEEMITENTI0EAoNYalave NS IuTTUTT

NURINTMULUUT IR wudwmiwzmaﬁanénﬁmaq’lwﬁw 1.957 - 2.270

]
=

a

=

o

A

uadl

Au

4

AoutalnafiuAuiINg ULt uRYY Sedemalisunsisensewinslanensudsutuiuinns iy

WUUTDIINAENTIANIN YuRowdanudawmdoivadlanensnug

'
e o 1 @/

uiifgeiuies
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4.1.2 N15ANYIAIWEIUNSARGU (Adsorption Energy, E,q) ¥898158unidssinedny

Tuhdefrnmunlddnulassadiiiafiosuasndsnlunstamiionsswinesneulangnsud
FufuRuinsusuuterinies wuhesmenlanensudsuiarinaunse Saduléfuuiiuion
siuwuvterinie dnluhdeilivhmsinmlasaieiiabosusswdanulumsgadums vocs
(Eags) wilanensudtuiidevuituinsusuutesinien Ingazuenfinnsanniseivedluana
an3 VOCs seniiu 2 uuu fie Tuianavesans VOCs mamuusussuuiufinsituuuutesiaies
wazluianavesans VOCs Tuwfqmﬂﬁmsmumaqﬁuﬁaﬂswﬂuuuu‘tim'jmﬁmLﬁa’lﬁﬂsamqué’ﬂums

nwsgm%’uﬁﬂulﬂlﬁﬁumm’[u gﬂﬁ 4.1-4.2

=1 v v v ' v & a =4
gﬂqﬂ 4.1 Iﬂiqaiqﬂﬂ"IUUULLazﬂ"lua']\‘]ﬂ']'iﬁﬁlﬁilllaaf]a VOCs UUNUTZUIUNUNINTIWULUU

Y0919A7

P> ) 1] v \ H @ X o =4
U 4.2 lassadiednuuy wagiuane nsmalaana VOCs fannfusyunuiuiinsuluy
Yo9NNAYY

Tngmsiuumaaiimeusninsivlassaieiiatesvesiuindwinolaoldsutouds
Density Functional Theory fsflarifunisustanauauuiily (GGA) wiin PW91 wiaiemie DNP
fnlagldlusunsy Dmol” Tuyalusunsy Materials Studio 5.5 diolslaseasafiadosveslinana
Whneudvimsdunmuimdinulunisgaduans VoCs vuesmanlanemsudduignidovuiiuion
sTuUUEeIAYY Auandumsnedl 4.2-4.5
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A15799 4.2 Taseadiauasndsnulunisaaduans VOCs (Euy) Uuasaauuwalaliuuigniiauuvuin

SuLUUToTI LAY
17 v , W 1 v Eads
VOCs TAseas19 (Muuw) Tas9ade (audig) V)

e
benzene -1.15
furan -0.95
pyrrole -1.14
pyridine -1.78
thiophene

-1.17
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ol v [ a a o o < au a
a13197 4.3 Tpssadisuaswdaulunisaaduans VOCs (E,y) vupznauuwaiiuiigniiouuiuiin

SRLLUUT IR

v Y v v [y Eads
VOCs TAS9E319 (ATUUY) TA59a519 (Aug) (V)

e
benzene -1.40
furan -0.94
pyrrole -1.14
pyridine -1.78
thiophene -1.23
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A13199 4.4 lassaiisuasndanulun1snaduans VOCs (Buy,) UUaRBuneIiignilouuuiing i

LUUTRIINNAY"
% 2 Y] 2 Y Eads
VOCs Taseadne (Auuw) TA396519 (A ud19) V)
: e
benzene -1.54
furan -1.47
pyrrole -1.80
pyridine -2.23
thiophene

-2.06
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o 1% ) o a o - & a )
A58 4.5 Iﬂ’ix‘lﬁ'ﬁ’lx‘iLLﬂ%WﬂN’]ﬂUﬂﬁg}ﬂ‘dUﬁﬂi VOCs (Eads) Uuaxﬂaumuwgﬂl,ﬂauuwuw'] A5 U

WUUTe LR

VOCs Tasaade (Auvw) TAseadne Eudne) ( a\c;s)
e

benzene 151
furan 134
pyrrole et
pyridine 200
thiophene 150
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nmanTsAnwuitEmdslunisgaans Vocs vuezneulavevsudtuusazuilaiignide
vuRufnsAuwuyterituAifidegiutas -094 ev fl1-2.23 ev Tavans VOCs annsagaduuy
ovmeamesdlAfTian setaundooyaeuiu wnaiity wasuwaiaiouiignidevuiufiansfiuuuy
ForinuReInuEIRY Meft 4.2 - 4.5 wanin1sgaduans VOCs ReinvdauuRuianiuiidede
svaoulavensIduusavedn sauludimdanulunisgaduans VOCs uiavwiinme wansiinw

e

wuTdunshseNsaadundftyll 2 via 1oun X-Interaction (X-Int) uag C-Interaction (C-int)

o

s

oo X-Int Wudunsisensgaduiiniuszmine heteroatom ¥esas VOCs Aulavismsuddu 39
5umsﬁ%mn'ﬁ@ﬂ%’uﬁamﬁw?7uLﬁaLﬁﬂmsqﬂ%’uswm pyridine uag thiophen fu lavensuddui
Qnﬁauuﬁuﬁansﬂmmuﬁmimﬁ'm fi9991n hetercatom  asfinAMuLIMILTBIEnAsaulY
Nazﬂsmﬁnﬁaéwamwé’aﬂumi@ﬂs&’ULﬁu“gu dudumsisemanaduiuy Cint ssifindusening
PYABUAITUBUVDIANT VOCs fiuffulanensnudfu ?('iaa"umﬁ%mmsqm%’vﬁauﬁﬂ%uLﬁaLﬁﬂnﬂsQﬂ%’U
58W319 benzene, pyrrole uag furan Aulanensudduiigndovuiuinsfusuuserhaie: duwa
nsdnilsuaonadafiumsneives Hussain uavans '™ ﬁwuiwé’umﬁ%aﬂumsqﬂs&’u fiates
¥84 thiophene Uag pyridine UUNANBEABNVDA titanium (TisOg(OH)g) fiSosoerneuvealiy (Ag)
NTENIN heteroatom Aulavensudtu d@rulunstives napthalene way benzofuran SuUms
Asenlunsgaduitativsazifinsewinsstminmnsusunaslanenudsy lavannsodudunanising
Tnslgrnumuinuudidnasouluuaysefundsany (Partial density of states, PDOS) Y9INIYAFU
@13 VOCs UuﬁuﬂaniqﬂuttuuﬁaaiwaL?{mﬁﬁac?haazmauiawzwswu%%uﬁau,am’luguﬁ 43 Faz
uandbiiiudn d eesiviavedlanzusdduannsodeundon (Overlap) fu s waz p ooitaves
heteroatom 84d15 VOCs lunsiiues pyridine W&y thiophene @un3tu89 benzene, pyrrole
uay furan sgwiudy d eeitiavedlansnsudduarmnsadoumden (Overlap) fu s wae p 9930%a
89 carbon atom ¥eas VOCs leipgnadmausaussy fundaeu -20.00 89 -2.50 eV fisziundany
MATISEIUIEST (Fermi leveluas wudh van der waal (vaw) Dudumsisoniddylunsidanusy

o 1 4" a LY} QU UU s q'; < L4 [ a' U s LY v
FNNNURIAIgATULAZAMIgNARTY WuFe wsawuwmesnad (vdw) %memwawmmsqmu'lw
NN

o o a | a g aaa .. 1 o o3 % 3
LasIBRNIIUIABENINSIUNGATR (Electronegativity, EN) auiuimasdniian EN Ngenin
Y

DTADLTBIN UnaLafun Wasunadity (Au = 2.54, Pt = 2.28, Pd = 2.20 uas Ag = 1.93)
'«Nm'[wazmamamaaﬂ'\um'\ua'\mizﬂ.umﬁu&ﬁnmaumnm351410%‘6531,14U&ﬂﬂlﬁﬁﬁamﬁﬂﬁﬁuﬁa

va]'La 2/ g o du @ a =4 » ' Vi of
VDNIVD Gl?)l]‘l’l@\lﬂ'lua’ln’\iQﬂﬂﬂuaﬂiﬁ)u‘lﬁUSULWUQWU1ﬂﬂVIEjﬂ
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' Thiophene :
1.0+ Au atom {5d orbitals) .
s S atom (2s orbitals) :
0.5¢t S atom (2p orbitals) .
¢ |
- 1
> 0.0 ;
2 " Furan .
g 10} C atom (2s orbitals) '
= g C atom (2s orbitals) :
& 05} ; . .
2 M ]
Aol i 3
m 0.0
‘3 - Pyridine : :
n LOF N atom (2s orbutals) M '
S - N atom {2p orbitals) :
o] .
0.5 F . - '
Z’ ' ~ 3
2 | | Lo } ]
§ 0.0 — P —rir z ,
/ 1.0 Pyrrole :
= T C atom (2s orbitals) .
- I C atom (2 p orbitals) 1
;“: 0.5 | :
' \V;
0.0 T Tt ”
| Benzene 1
L0 - C atom (25 orbitals) .
[ ——— C atom (2p orbitals) '
05} '
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Tulasiaulung pyridine fididnaseuioue 6 Bidnaseudelidulumungeenevuaninizy
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;J‘Uﬁ 4.4 1p359a3 983 pyridine (¥18) wag pyrrole (4¥31)
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v
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TnganunsndudunalagldniuvuiuuudidnaseululrassyAuwdasnu (Partial density of states,
PDOS) wBINsRRgUENs VOCs vuRunsuiuutesindinfiideroeraeulansnsuddusuans
luguit 4.6 Feazuandliiiiud d eeidvinvadlansysudduria 4 siaaunsndeumiey (Overlap)
fu s uay p oasdfavesans VOCs IHognsdmausmusseiundsnu -20.00 §1-2.50 eV fiswiy

WAIUMNSEAUWNDSH (Fermi level)
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4.2 MmsdnmRuiantusuutesiaeiFesaenguoraeulavsnsuddu (4 ozmew) 9 1 n
SN IMEIunTsBamisaseninerasulany nsddufuiuiansluwuudesiaisiuas
msAnuAmINIuNIgAFUaTs VOCs vuiuRansiuluutesiadnidessesnoulanensud
Fusedriianui Tavensdsuannsodainzlifvuiuinnuuterinaisn dduiuisdou
Waflenummnzaudmsulfidusgaduas vocs uenantuwdmuiifgaduiieieuldannsoge
Fuans VOCs 8dande udeghslsinutuanudussudinisidelanglaqasuuiuiansiiuwuy
doriudrulanzazinisiuiiundy (clusten) WislWanusoimednfuiufians fuwuutoshadie
Wigetu Tudniffhnsinwiui nsiuutesihadisfidesenduezneslanensuiduauin
4 sxme ornnduezaeutuin 4 sxmeuvesianendtulinnuaivswoaumsuuiuions iy
wwutesidsuarsslinalunisdunlussduimnzay fafunideiddnvinsiendy
axpouTLIA 4 pvmpuTRdlaneIILATULLRURINT RULUUTeI ALY (eiTeulfisur sy
msBamiyinarndanunsgeduiilefiosuazimnsauiigalasszuvanisAnwioeniu 2 daushodu
dhail

4.2.1 MIANTIAINIUNERATEN (Binding Energy, Ep)

4.2.2 MIANWIAMEINUNIAAFU (Adsorption Energy, E,q,) T098158UNSH58L1AY

AL

4.2.1 MSANBIAWEIUNTBAMTYY (Binding Energy, E,)

TunsfnwiAmdsunisiamisrseninngulansnsudtusuiuionsfuwuy
dorhuden lnemsdenduesaenlavevsudsu ¢ vila WWun unateifion uwaity viess uasdu
awuﬁ"uﬁqﬂsﬂuwwaadwuam61’031]"7; 4.7 Wnondueseeulavensuddu 4 srmeuillassadien
wiipsey 2 uuu laun wuurlin A Tdnvueadeiunsadmi (Tetrahedral) wag wuuTdn B Sdnwos
Adefvdmdsuuuusiy (Square planar) uamnana gﬂﬁ 4.8 AnwlasnsAmuuIATAIaUNY
Ansuiulassaisiatiosvesiuintmnolagldsndouse Density Function Theory sasflaidu
mMsUsznamuuuinly (GGA) wiia PW9T widaemde ONP Aaadaglélusunsy Dmol Tusge
1Usunsu Materials Studio 5.5 Lfia‘lﬁﬁﬂiqa%ﬁiLaﬁssmaaﬁuﬁmﬂwmauﬁaﬁﬂmsﬁﬂmmmwé’wm
'Lum'iﬁﬂmﬁmsw’miammwu%aﬁ’uﬁuﬁuﬁ’mﬁﬂmwuﬁamaL?immnﬁuﬁﬂmsﬁnwﬂmaaé’wﬁ

- @ - P~ ) ' ay v XA a o i
Lanasua.,wawm'lumsammumssmwnquasmauiamwsm%unuﬁumnswﬂuuwﬁiaadmﬁmﬁa
uamdlumnseT 4.6
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Qa @ d’l a <4 l 1 d‘ =
sun 4.7 ANSLADNAUDEADUTUR 4 awamaﬂawws'\u%uuuwumnswwuwwaw\qmm PUR A
v 9

flasia1auuy tetrahedral (3718) uazuda B dlAse@ILUY square planar

4 R

sU 4.8 IAssainanauoznonlaigniuddusuin 4 exneu vila A TlAsw@i1auuy tetrahedral
Y 9

@w) uazeiin B filAIA31MUY square planar

snransAnYIMUT Amdsaulunisiamileivesnguavaenlavenauifunsazeiavy
fuinnrituuuuteriadnilfdaus 255 eV 1-7.83 eV Fanquernonvundozmenvedlant
psndsuiiliemdselunsBamisuunsiuluutsrhafivinniignfenduesnonvesinaiiy
wiin A FefirmdsenilumsBasuini -7.83 ev uenaniudmuimdsilumsiamieasening
nduezaeilanensuddusuiuinsftusuuderihadswimniisunnnit 1 ev wandliduinga
gmaulavensrudtundsinannsobaduldfvuiuinsiuuuteriadsndemndmdsnusa
wiiiideglutiseansgesumaed dwalWlavensidumaitamuaiivsuuiuiansiuuy
Foriadeidalifnunmiterlfdulansdmiuideauiuinsfuwuutesiaisuitolians VOCs
vmzuulavenudsuideind dafulumadeitadenuane Tasaadaiifmnuatiosiianues

wiazlavens gty dmsunmsiamdsivunsfunuuterinuien uwaaiousiin A, uwafidusiea
AVrviia B, uaziiuviia B)
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v o v v v Eb
Tang laseade (fuuw) Taseadng (Augna) V)
e
Pd,
a -5.82
(viim A)
Pt
t 783
(v A)
Au,
(vila A) ~3-24
Agy
(v8 A) 295
Pd,
-4.89

(vlim B)
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d 1 24 e = d‘ 1 4 = el L
A15199 4.6 lassaiauazwaalunsiiamilen (E,) sewinnguesnenlanensuidu 4 svmeuny

NURINSHULUUTIN AR (AB)

I I 1Y 7 [ Eb
Tang TAT9a319 (Auuw) Taseadne (udna)
(ev)
Pt,
- -5.30
(viln B)
Al 341
(vila B) e
Agq
-3.17

(vlin B)
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4.2.2 psAnIATWEINUNSRATU (Adsorption Energy, Eq,) U03en3BUVTdssmedne

TuideiiimanlidnwlasiairsiiadosuasndsnilunsBamisisewitanguesneulans
vsm@tuiuiuiansuuuterihaismuingueznenlavensuddusdviaaunsndadulfiv
Funnsuuuutesiude) dnluideilivinisAnulpsaaieiadosuasndenlunisgaduans
VOCs (E ,q5) Uulawzwsqu%’uﬁgnﬁauuﬁur‘iqniﬂuLL*U*U‘n'au'NLﬁm Tnsmdeilasuonionsanns
Tvesluanads VOCs sonilu 2 wuu Ae Tuua A Tuanavesans VOCs wunufuszuiuiuion
RUMUTRET warivan B Tuanavesans VOCs manniussuuyesiuins fuwuudesi
Wiuanafaguil 4.9-4.10 Anwlasmssnamaaimeusuvhnisusulassaeiiadiosvesifuiin
suLvUToTaRe) Taeldsudouds Density Functional Theory sheilandunisussanamuuy
vl (GGA) wiin PW91 Aruanlagldlusunsy Dmot” lugmlusunsy Materials Studio 5.5 (iau$u
Tassadiiafiosvesiuin nyuuuutositades wivhnsawnAmanmlunmsgaduans Vocs
vuazaoslavgnsndduiignievuiuionsiusuuteriaies snthwhnisinylassadiiaies
wazwdsnulunsgeduans VoCs  vunguesmenlavensmudsutuiuinnsfuwuutesiaioad
uandlunsnai 4.7-4.10

CCB-EPC
e
= v [ v ) a Y a
5UN 4.9 1aseadarnuuu uazsuans nsaluana VOCs guuiuszuty NuRIN
IMULUUYDITAE

=1 v v v ' ] Y & o <
U 4.10 Tassadrasnuuu uassnudn memaluiana VOCs dsanniuszuny #urINT

UUULDIINLAED
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| 2 @ ) s o o o
a1519f 4.7 lassairauasndnulunmsaaduans VOCs (E,y,) vunguesaauunaaioufignidevu

AURINTIAULUULDILALN

v v o Py v Eads
VOCs TAseEd19 (Ruuw) 1As96519 (Aud1e) o)
e
benzene -1.43
furan -1.20
pyrrole -1.48
pyridine -2.05
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= [ @ ) ' a P a
A1319 4.8 laseadrsuasndsulunsgaduans VOCs (E,y) vunguesnauuwaiiuiigniiovy

v

NUEINS ULV UTDIIN AN

4)

v P v ) v Eads
VOCs TA598319 (A1uuw) 1As9e319 (Aud19)

(eV)
benzene -1.93
furan -1.89
pyrrole -1.38
pyridine -2.11

thiophene

-2.06
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= 2 v ) ' o A < A a
A15190 4.9 Tassadrauazwdanulunisgaduans VOCs (E,y) vungusrnauveifigniiouuiuian

sTULUUTIIRED
FY 9 FY [y %3 Eads
VOCs Taseadne (Auuy) Taseadne (Audng) V)
e
benzene e -1.29
furan -0.76
pyrrole -1.30
pyridine -1.87
thiophene

-0.69
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s 1 " Y d‘ < ﬁv )
3137 4.10 Tassaianasndanulunisgaduans VOCs (B, vunduermeuluiignideuuuion

STRLLUUTBI R

) ) ) ) 2 Eads

VOCs 1Aseas1s (fuun) TAsea3s (Fudne) @)
benzene -0.92
furan -1.02
pyrrole -1.22
pyridine -1.53
thiophene s

MnransAnywURIAMELlunsaRas VOCs vunduesmeslansvsudtuusiaveiniide
vunsuwuuteriadefifeglugie -0.69 ev fit 211 eV @1as VOCs annsogetuuungu
ozmoLUNaTINlARTign sosaunAenduszmenunalaion N uasiuMuEEY Tnn WL

71 4.7 ~ 4.10 wansmsgeduans VOCs ﬁaﬁmﬁﬂuuﬁuﬁ’snsﬂuuuu*&imimﬁmﬁL%aﬁwndmzmau
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Tanensugtunsiarelin suuludermdunulumsgaduans VOCs udazelinme wansdnyiwuin
a"umﬁ'%mn'ﬁﬂwﬁuﬁﬁwﬁ’mﬁ 2 wila loun X-Interaction (X-Int) waz C-Interaction (C-Int)
Tn X-Int \Sudunsisenmagaduiiiintusewine heteroatom w83ats VOCs fulavzmstuddu 3
5umiﬁ§8’lﬂ’liﬂﬂ%'uﬁlﬁlzLﬁﬂ‘ﬁﬂl,ﬁ’e)l,ﬁﬂﬂ’]i@ﬂ‘g‘U’isz’N pyridine uag thiophen fu lavtensiudduii
Qm%auuﬁuﬁaﬂsﬂuuuuﬁaadwL?im \{i9997n heteroatom  szifiuArumuuturedidnaseuly
Nerlsnfinvdmar mdun1sgaduinty dudunsiseimsgasuuuu Cint ssfadusswing
prRONAUBLTRINS VOCs Aufulavensuddu Fedumsisennsgaduioviintudofinnmanadu

¥W3i19 benzene, pyrrole uay furan ﬁuiamm'm%‘&’uﬁgﬂLﬁauu“ﬁuﬁqﬂsﬂuLLumiaadNLﬁm
FamamsAnunitlsiuaonadesiunsfnyives Hussain wazaasy ﬁwui'\é’umﬁ%m‘lun'ﬁﬂﬂ%ﬁ
Lafysuee thiophene way pyridine VUNAUBERBNYDY titanium (TigOg(OH)g) fidosooznouroiu
(Ag) IwiAinsEwine heteroatom Aulavienswaddu  diulunsdives napthalenewas benzofuran
é’umﬁ%m'lumsqwﬁ'uﬁmﬁamLﬁmwﬁ'\q'iw:i'mméuauuaziam NIFTU  lAwaiunse
fudunanisAnslngldanumnuiudidnasoulunsasseaundasu (Partial density of states,
PDOS) 103M3nAguans VOCs vuuihnTuluuTe TRt idesverneulane s udtusuans
Tugui 4.11 Feazuansliiiui d oesiviavedlangysudduansadoumien (Overlap) fu s uaz
p 095078193 heteroatom w83a15 VOCs lunsdlues pyridine uay thiophene @unsiives
benzene, pyrrole uag furan aziiiuin  d eesiviavedlavensudduaiunsadoumiey (Overlap)
U s waz p eeiDaves carbon atom wees VOCs Isotadmausussziundeny -17.50 & -

5.00 eV NISEAUNSINUAININGSEAUNDST (Fermi level)

wazlieRarsananuannsalunisgaduas VOCs vesnguermavlanevsuddurznuingu
svmouvenaRtulinuamnsalunisgaduans vOCs larngaiiosninuwaiitiudulanensuddu
#iflerdethigs wasdidnau unpaired electron flegluatlavsseuuenunnnitlaneynsuddusiindy
=g [d

Johlinsgaduans vOCs  vunsituwvutesinisinidemendueznouunaiitniniulddiian

uanmnﬁ'uué’ué’qwudﬂamuwaﬁﬁuu,azLLwaLaLﬁam‘]m'ma'lmm'lumsqwﬁumi VOCs 11nN71WU
ATV
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T atom (2p orbitals)

et SR 0 )

*

1.2 | Thiophene
0.9 1 Pt cluster A (5d orbitals)
0.6 3 T atom (2s orbitals)

>
2 1 F
g 1.2 | Foran .
Z 09| gd:()m gs mt;,nld;))
- atom (2p orbitals
S 06 ;7
s oof LI A
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kot - i
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S 0 6 f  ——Natom (2p orhxmls) 1
I . ¥ o
£ 03} A\
g i \"L‘ A‘ A
& 0-0 [ "' 5
a 12fk Pyrrole X
® 09 - C atom (2s orbitals) A :
"‘E 0. 6 [ C atom (7p orbimlq) .
= U X
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09 | C atom (25 orbitals) .
0.6 & C atom (2p orbitals) '
S . !
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25 200 <15 10 S 0 5
Energy (eV)

gﬂﬁ 4.11 aMnuvuwuuBdnasou (Density of states, DOS) TuufdzssAundanuves 9N
Fuans VOCs vuiuinnsituwuuterhadiniideronduesnouunaiitisiia A

AmsAny i Pyridine uans vocs fignaaduldfuuiufinnsiuwuuterhuiniide
shengueraeulansnsuddunnvie lnslewsuunguesaeuvesunaiituiiindsnunisgadugeds -
2.11 eV \flosan pyridine ﬁﬁLﬁnmiauq'IﬂﬂLﬁﬂl (lone pair electron) ﬁa&ﬂu sp- orbital findeuss
\AnWusLATTlASIAEININ thiophene uaY furan wazawvafi pyridine anaaduladnia pyrrole Wi
fiormenvaslulasiaulunaniioudiy mazezaeululasiauluis pyrole fididnaseunsuaungeen
1" (Octet rute) ursznoululnsiauluag pyridine iaidnaseuiiswd 6 Sidnaseudsliduluaung

LY 5 < o° 1 %4 - e J LY Yy v @ @ o
panAn AL pyridine Jedhinasaansagadulddnin pyrole wauaniagui 4.12
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3UN 4.12 lassa$eves pyridine (#19) uay pyrrole (¥31)
s g = . 3 . 2 a P s a
lulmsiauezmauees pyridine @i hybridization wuy sp- HanMsA N ddidnaseulu 2s
. . o a 2 . v o . ) Vot °
orbitals way 2p orbitals wwaniufelu sp- orbitals wavdsll p orbital ¥1I90Y FIRNIN
o . 4. . 3 a P °o a .
lulnsiauszmonwes pyrrole Ml hybridization Wuv sp” inaNA1sH N iddanaseulu 2s orbitals

wa 2p orbitals swaufuiaudu sp’ orbitals figu 4.13

sp? hybridization of nitrogen

A
| m 2p m p orbital
>_’ : -
3 gl
o 2s e . .
= ¥ - promotion of electrons
= ‘Y____J
i sp? livbrid orbitals
lT Is
sp® hybridization of nitrogen
A
l m m 2p
> - ]
] 1!
= R
s VT 2s =~ promotion of electrons | |
= - Y
, T sp* hybrid orbitals
l 1s

5U# 4.13 n1sifie hybridization wasezmoniulasiau
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Taganunsadudunalagldnnumnuiusianasoulunsarserundanu (Partial density of states,
PDOS) v8snsnaduans pyridine vuufIniuwuuterinadieniideseezaoulansnsudduds
wansluguit 4.14 Feesuandiiiuin o eostvinvedlangnsw@duis 4 wlinaunsadoumnion
(Overlap) ffu s uax p seioraveEns pyridine Wotratauiaussziundu -20.00 &1 -2.50 ev

AszAundInumnInseauesil (Fermi level)

1 1 1

— Ag cluster B (5d orbitals)
N atom (2s orbitals)
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1.0
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3UN 4.14 emuvunuuuBianaseu (Density of states, DOS) Tuusazseaundaay V9IN3

QAU pyridine VUNUEINTWULULTRINARINITBRIENguasnoslane NI Uy
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aunsnaqUransinyluusiavdiu 16delud
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feha 5 slinansogaduuuszasumesdidouunsfuuuTerhaRnlFRanuas AUy
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wuteshadinnfidesmuorealanensudtu Saandidiuin d eodtvaveslanensudtur 4
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# (Electronegativity, EN) aziiuimasmilan EN Viqmdwamamaaﬁu wwalaLRuy wazuwantud
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dorhudy  dwalflavensnddfumdiidnonmitesliiulavsdwmiuideasuuiuiinafuwuy
fosiudpaieldas voCs smeuilavsnsuddurisdeind Tnonsilessaieiiadosiianluge
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Recently, elevated global emission of volatile organic compounds (VOCs) was associated to the accelera-
tion and increasing severity of climate change worldwide. In this work, we investigated the performance
of VOCs removal via modified carbon-based adsorbent using density functional theory. Here, four tran-
sition metals (TMs) including Pd, Pt, Ag, and Au were deposited onto single-vacancy defective graphene
(SDG) surface to increase the adsorption efficiency. Five prototypical VOCs including benzene, furan, pyr-
role, pyridine, and thiophene were used to study the adsorption capability of metal-deposited graphene
adsorbent. Calculation results revealed that Pd, Pt, Ay, and Ag atoms and nanoclusters bind strongly onto
the SDG surface. In this study, benzene, furan and pyrrole bind in the w-interaction mode using delo-
calized w-electron in aromatic ring, while pyridine and thiophene favor X- interaction mode, donating
lone pair electron from heteroatom. In terms of adsorption, pyridine VOC adsorption strengths to the
TM-cluster doped SDG surfaces are Pty (—2.11eV)>Pd, (—2.05eV)>Agq (—1.53eV)>Auy (—-1.87eV). Our
findings indicate that TM-doped SDG is a suitable adsorbent material for VOC removal. In addition, partial
density of states analysis suggests that benzene, furan, and pyrrole interactions with TM cluster are based
on p-orbitals of carbon atoms, while pyridine and thiophene interactions are facilitated by hybridized
sp?*-orbitals of heteroatoms. This work provides a key insight into the fundamentals of VOCs adsorption
on carbon-based adsorbent.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

gen oxides. This is one of the major factors causing rapid global
warming [8-11]. Therefore, removal of VOCs is highly desirable.

Volatile organic compounds (VOCs) are organic compounds that
evaporate easily at room temperature |[1]. These are common air
pollutants emitted by the chemical industries {2-4] from solvents
and by burning of coal and natural gas fossil fuels [5]. Most VOCs
are toxic to human health, and may cause carcinogenic, muta-
genic, or teratogenic changes in human [1,4,6-8}. These hazards
are common because of widespread VOC emissions in workplace
environments. Furthermore, VOCs are responsible for increasing
photochemical smog in the urban area when combined with nitro-

* Corresponding authors,
E-mail addresses: manaschai@nanotec.or.th (M. Kunaseth), siripor_j@ubu.ac.th
(S. Jungsuttiwong).

htrpsiidxdonorg/16.1016 Japsusc2016.11.238
0169-4332/© 2016 Elsevier B.V. All rights reserved.

There are many techniques available for VOC removal, includ-
ing combustion, bio-filtration, catalytic oxidation, and adsorption
[8,11-14]. Adsorption is well suited for VOC removal because
it requires only a simple and low-cost process. There are many
reports of toxic gas removal using zeolites |15], activated car-
bon [3.4,8,16], graphene |17-24], hexagonal boron nitride (h-BN)
[25-30|, metal organic frameworks (MOF) {3.13], metal-doped
metal oxides, and metal adsorbents [5,31.32]. Carbon-based mate-
rials such as activated carbons and carbon nanotubes (CNT) have
been widely applied as adsorbents because they are highly porous,
lightweight, chemically stable, and inexpensive [18,33-36]. How-
ever, carbon-based materials have limited adsorption efficiencies
without modification.
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Fig. 1. shows the optimized structure of the SDG surface, comprising of 49 carbon
atoms.

Transition metal (TM) doped carbon-based materials such as
activated carbon and CNTs are noted for their highly efficient
adsorption capability {13,18,37-4G]. Defects such as monovacancy
and divacancy in graphene were reported to increase the binding
strength of doped TM on carbon-based adsorbents [16,47-50]. In
terms of VOCs adsorption, previous studies reported the decent
adsorption of cyclic VOCs on TM surfaces such as Pd, Pt, and Au
{32,51-54]. Although TM surface demonstrates high adsorptive
property toward VOCs removal, they are expensive and cost-
inefficient to be used as adsorbent in the large scale. Metal-carbon
composites offer a good synergy for adsorptive performance: high
adsorption capability from TM and large surface areas of the car-
bon enhance the dispersion of deposited metal clusters. In addition,
carbon composite materials are relatively inexpensive compared to
the pure TM-based adsorbent. However, the adsorption strength of
a particular VOC was varied on different TM surfaces. To the best
of our knowledge, there are no reports that compare adsorption
efficiency of organocyclic VOCs on TM decorated single-vacancy
graphene.

The aim of this work is to investigate the adsorption of
organocyclic compounds: benzene, pyrrole, pyridine, furan, and
thiophene, which are common prototypical VOCs, on TM doped
single-vacancy defective graphene (SDG). We compare the ability
of each adsorbent material to adsorb these VOCs based on density
functional theory (DFT) calculations. We studied the binding energy
of TM; (n=1, 4) clusters deposited on an SDG surface to determine
the binding strength of the TM, cluster to the graphene defect. Fur-
thermore, we investigated the partial density of states (PDOS) to
understand the VOC adsorption characteristics. This work is pex-
pected to provide insight into the fundamentals of VOCs adsorption
on TM-doped carbon-based adsorbent.

2. Computational methods

Geometry optimizations were performed using density func-
tional theory (DFT) via the Dmol® program in Material Studio
5.5 [55.56]. The electron exchange-correlation function within

the generalized gradient approximation of Perdew-Wang func-
tional (PW91) [57,58} with Ortmann, Bechstedt, and Schmidt {45}
(0BS)dispersion correction was used. A double-numerical basis set
was employed with the polarization function (DNP) using real-
space cutoff radius of 4.1 A, and wavefuctions smearing energy
of 0.005Ha. The 7 x 7 x 1 k-points grid based on Monkhorst-Pack
mesh generation was used to simplify the Brillouin zone. The
energy results throughout this work are converged within the
aforementioned k-point grids and real-space cutoffradius. The core
electrons were treated using the effective core potential {59-61}
which have been widely used to represent the graphene doped
metal system {47.62,63]. The contribution of zero-points energy
(ZPE) was expected to be negligible [45] therefore it was not con-
sidered in this study.

Pristine graphene surface was created from 5 x5 optimized
graphite unit cells, resulting in a hexagonal super cell with lattice
constant of a=12.3A and b=12.3A (50 carbon atoms). To avoid
interaction of the periodic images, vacuum space was added in
the z direction such that the lattice constant ¢=30.0A. The con-
vergence criteria applied for geometry optimization is enforced to
2.00 x 10~3 Ha for energy, 0.004 Ha/A for force, and 0.005 A for max-
imum displacement. Single vacancy defective graphene (SDG) was
prepared by removing one carbon atom from the pristine graphene.

Fig. 1 shows the top view of the optimized SDG surface structure
with gray spheres represent carbon atoms. The binding energy (Ey,)
of aTM atom or a TM;, cluster deposition on the SDG surface is given
by:

Ep = E(tm,spc)- Eispcy- Emy,)s

where n represents the number of atoms in a cluster, and Eryspg,
Espc, and Eny represent the energy of the TM-doped SDG surface,
the energy of optimized SDG, and the energy of TM atoms or of the
TM cluster in the gas phase, respectively.

The adsorption energy (E q4) is

Eads = Ervoc-tv, ssp6)~ Ecrm,/spc)y- Eqvocy

where Eyoc.tmyspg and Eyoc represent the energy of VOC adsorbed
on TM-doped SDG, and isolated VOC molecule, respectively. Note
that the more negative adsorption energy refers to the stronger
adsorption strength. In this study, we investigated the adsorptions
of benzene, furan, pyrrole, pyridine and thiophene VOCs on the
TM-doped SDG surface (iig. 2(a-e)) as prototypical examples of
aromatic, organo-oxygen, organo-nitrogen and organo-sulfur com-
pounds.

3. Results and discussion
3.1. Transition metal deposition onto SDG

3.1.1. TM atom deposition onto SDG

To find the most suitable adsorbent for VOCs adsorption, we
investigated the binding of TM atoms on SDG by deposition of a
single atom of each of the TM species (Pd, Pt, Au, and Ag) at the
vacancy site of the SDG surface. Our result suggests that the TM

Fig. 2. Structure of VOCs used in this study: (a) benzene (b) furan (c) pyrrole (d) pyridine (e) thiophene.
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Fig. 4. Optimized stable geometries and binding energies for tetramer TM clusters on SDG (a) Pd4-A, (b) Pty-A, (¢) Ag4-B and (d) Aus-B cluster.

Table 1
Binding energy of TM atom and cluster on SDG.
TM™ type Pd Pt Ag Au
Ey (eV) Bond length Ep (eV) Bond length E, (eV) Bond Igngth Ey (eV) Bond length
Pd-C (A) Pt-C (A) Ag-C(A) Au-C(A)
atom -5.55 1.951 —6.89 1.957 —-1.98 2.093 -2.33 2270
cluster A: Tetrahedral ~5.82(-1.46) 1.964 -7.83(-1.96) 1.970 -2.55(-0.64) 2.093 -3.24(-0.81) 2.061
(per TM atom)
cluster B: Square -4.89(-1.22) 1.951 ~530(~1.33) 1.960 -3.17(-0.79) 2.109 -3.24(-0.81) 2.066

planar {per TM atom)

atoms form bonds with three adjacent carbon atoms at the vacancy
site. Each TM atom has an atomic radius that is greater than that
of carbon, and thus, the TM atom is displaced outward from the
graphene surface (see Fig. S1). The average interatomic distances
between TM atoms and the three neighboring carbon atoms are
1.95 (Pd), 1.96 (Pt), 2.09 (Au), and 2.27 (Ag) A respectively, which
is in agreement with the previous studies. The calculated binding
energies for the TM atoms on SDG are -5.45, —6.85, —2.33, and
-1.98eV for Pd, Pt, Au, and Ag atoms, respectively (see Table 1).
These large negative values suggest that TM atom binds strongly
at the vacancy site of SDG and the values are consistent with pre-
viously studies {3,16,18,41-44,47.48,64]. Binding energy per TM
atom for TM cluster A and B are shown in parenthesis.

Table 1 Comparison of binding energies for individual TM atoms
and of tetrahedra! and square planar clusters adsorbed to SDG.

3.1.2. TM-cluster deposition on SDG

In this section, we investigated the binding of TM cluster type
A (tetrahedral geometry; see Fig. 3(a)) and T™M cluster type B
(square planar geometry: see Fig. 3(b)) of Pds, Pty, Auy and Agy
on the SDG surface. The results show that tetrahedral (type A)

is the most stable binding mode for Pd, and Pty on $SDG sur-
face (Fig. 4(a)-(b}), while square planar configuration (type B) is
the most stable binding on SDG for Auy and Agy (Fig. 4(c)-(d)}).
Binding energy of the most stable for each TM clusters is as
the following order: Auy-B (—8.73eV)>Pty-A (-7.83eV)>Agy-B
(—7.04eV)>Pd4-A (—5.82eV). Note that E, in our calculation are
in agreement with the previous studies [3,16,47]. This large mag-
nitude of Ey, indicates that TM tetramer clusters form stable adducts
with the SDG. Consequently, this prevents TM cluster aggrega-
tion such that the clusters are well dispersed on the SDG surface.
In addition, the TM cluster binds on the SDG stronger than that
of individual TM atoms. Therefore, we utilized the most stable
configuration of each TM cluster in the study of VOCs adsorption
hereinafter, which are Pd,-A, Pts-A, Aug-B, and Agy-B.

3.2. VOCs adsorption on TM cluster-doped SDG surface

In this section, we investigated VOC adsorption on TM-
deposited SDG. In order to cover most possible adsorption
configurations, two VOC orientations are considered for each VOC
in the adsorption study, which are (1) VOC molecule is parallel to



LA

M. Kunaseth et al. / Applied Surface Science 396 (2017) 17121718 1715

b)

Fig. 5. Side view of VOC initial configurations (a) paraliel and (b) perpendicular to the TM tetramer cluster of the TM-doped SDG surface.
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Fig. 6. Delocalized six mr-electrons of aromatic heterocyclic compounds.

Table 2

Adsorption energy of VOCs on TM cluster doped SDG.
voC Pds-A Pry-A Ags-B Aug-B

E,as (€V) Bond length (A) Eaas (V) Bond length (A) Eads (€V) Bond length (A Eads (€V) Bond length (A)
Pd-C Pd-X Pt-C Pt-X Ag-C Ag-X Au-C Au-X

Benzene -1.43 2170 -1.93 2.101 -0.92 2,507 -1.29 2278
Furan -1.20 2083 2.896 -1.28 2.129 3.016 -1.02 2,443 3.184 -0.76 3.444 3.666
Pyrrole -1.48 2242 3.109 -1.38 2077 3.014 ~-1.22 2.494 3.296 -1.30 2.198 3.043
Thiophene -1.91 2177 2.316 -2.06 3.566 2222 -0.85 3.277 3.277 -0.69 3.398 2.390
Pyridine ~2.05 3.031 2.112 =211 2.978 2.061 -1.53 2227 2.227 -1.87 3.052 2.144

the SDG surface; and (2) VOC molecule is perpendicular to the
SDG surface. In the case of parallel adsorption, we placed VOC
molecule in a position that maximize w-interaction of VOCand T™M,
see Fig. 5(a). In the case of the perpendicular adsorption, the inter-
action between heteroatom and TM was arranged when possible;
see Fig. 5(b).

We investigated the adsorption of benzene, furan, thiophene,
pyrrole, and thiophene VOCs on to TM-doped SDG, both TM atom
(Fig. 52-S5) and tetramer TM clusters (TM =Pd,4-B, Pt4-A, Aus-B, and
Ag4-B) (Fig. S6-59) as adsorbents. Adsorption energies of VOC/TM
atom-doped SDG surface fall in the range —0.94 to —2.23 eV (Table
S1). VOCs have stronger interactions with TM-cluster doped SDG
than they do with single TM atoms on SDG. Decreasing adsorp-
tion strength is in order of Pt4-A > Pd4-A > Au4-B > Ag4-B. The VOCs
adsorption energies are listed in Table 2. Qur calculation results
reveal two main adsorption modes, w-interaction (w-Int) which
w-bond of VOC ring coordinating with the TM cluster on SDG, and
X-interaction (X-Int), VOCs binding to the TM cluster via their het-
eroatom{17,18]. VOCs on both TM atom and TM cluster doped SDG
surface performed similar trend of adsorption mode, therefore we
discuss only the case of TM cluster doped SDG surface.

Considering aromatic five-membered heterocyclic compounds
(pyrrole, furan, and thiophene) containing delocalized electron
pairs, in which the heteroatom has at least one pair of non-bonding
valence shell electrons. In these planar compounds, each het-

eroatom is sp? hybridized and its un-hybridized 2p orbital (3p for
S) is part of a closed loop of five 2p (3p for S) orbital (Fig. 6).

In case of furan and thiophene, one unshared pair of electrons
of heteroatom lies in un-hybridized 2p orbital and is a part of the
T system, 6m-electrons involving all five atoms of the ring, 4 from
the two double bonds and 2 from the heteroatom, thus satisfying
the Hiickel Rule. The sp? hybrid orbital of hetero atom carrying
the other unshared pair of electron is perpendicular to the plane
of p-orbital and does not participate in delocalization. In pyrrole,
unshared pair electron from N participates in aromaticity, there is
no lone pair electron in sp? hybrid orbital.

Interestingly, furan and thiophene supposed to bind on the
surface via X-Int using the lone pair electron in sp? hybrid
orbital. However, moving down the group in periodic table
increases nucleophilicity, hence, O atom donates its lone pair
electron more difficult than S atom. Furthermore, the resonance
energy is dependent on the heteroatom electronegativity, as elec-
tronegativity decreases, the resonance energy increases, furan
(16kcal/mol) < thiophene (29 kcal/mol). Therefore O atom donates
w-electron significantly easier than S atom, therefore furan pre-
fer to adsorb on surface using mw-electron rather than lone pair
electron. In pyridine, six-membered heterocyclic compounds, the
double bonds are shifted via resonance without involving the lone
pair electron on N atom, so this lone pair electron is not contributed
to the  system and favor to be donated.
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article.)

In this study, Benzene, furanand pyrrole bind in the 7r-Int mode.
See Fig. 7(a-c). By contrast, pyridine and thiophene favor X-Intliga-
tion, binding to the TM cluster adsorbed to the SDG surface via their
ring heteroatom 31,32}, see Fig. 7(d-e), suggestive of large adsorp-
tion energies for pyridine and thiophene on the TM-cluster doped
SDG surface, in good agreement with other simulation reports {G5].
The large negative adsorption energy is a consequence of strong
interactions between the VOC adsorbate and the TM-doped SDG
adsorbent. The adsorption energy is calculated to be greater than
~0.76eV. In addition, we found that pyridine adsorbs well on all
TM-cluster doped SDG adsorbents, especially for Pt4-A doped SDG,
which has the greatest adsorption energy of —2.11eV (Table 2).

TM atom-doped SDG is suitable as an adsorbent for VOC removal
because of its large negative adsorption energy for these species
with having established strong adsorption of the VOC on the
TM-graphene composite. However, adsorbent regeneration can be
accomplished via applying external electric fields weaken or alter
the adsorption of molecule on the surface {66-70] which mightbe a

M. Kunaseth et al. / Applied Surface Science 396 (2017) 1712-1718
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Fig. 8. The adsorption energies of VOCs on all TM-cluster decorated SDG adsorbents.

plausible mean for reusability. Our findings suggest that TM atom-
doped SDG materials are suitable as adsorbents for VOC adsorption.

Fig. 8 shows the adsorption energies for each VOC for all TM-
cluster doped SDG adsorbents. The adsorption of these VO(Cs on
Pd4-A and Pt4-B-doped SDG occur by a chemisorption process, as
evidenced by the formation of bonds between ring carbon and TM
atoms in the TM cluster. Formation of C-TM bonds occurs when
aromatic compounds are chemically adsorbed to metal surfaces
or metal clusters. Adsorption of VOCs on Ags-B and Au,-B-doped
SDG occurs by a physisorption process. These findings are in good
agreement with previous reports [4].

3.3. Partial density of states analysis

In this section, partial density of states (PDOS) for VOC
adsorption on the TM-SDG was analyzed to investigate the VOC
interactions with TM clusters. Here, the most stable adsorption
mode, TM species, and TM cluster type were chosen according to
the result in section 3.3.2. Note that the Hubbard correction is not
considered in the PDOS analysis. 'ig. 9(a)-(e) show PDOS plots of
interacting carbon atoms or heteroatom depends on the interac-
tion type of VOC versus the TM cluster. For VOCs with the most
stable adsorption based on m-Int (i.e. benzene, furan, and pyrrole),
PDOS of carbon’s s- and p-orbitals are plotted against d orbitals
of TM cluster (Fig. 9(a)-(c)). On the other hand, for VOCs with the
most stable adsorption based on X-Int (i.e. pyridine and thiophene),
PDOS of heteroatom’s sp-orbitals are plotted against the d orbitals
of TM cluster (Fig. 9(d)-(e)).

The PDOS of m-Int VOCs indicate that the d-band of TM clus-
ter couples with the carbon p-band in benzene, furan, and pyrrole.
Three overlapping peaks of C's p-orbitals in benzene and d-band
of Pt are presented at —3.50, —1.03, and 0.02 eV (see Fig. 9(a)).
Fig. 9(b)-(c) show each two coupling peaks of TM’s d orbitals and
C's p orbitals in furan (-2.21 and 0.00eV) and pyrrole (—1.40 and
—0.02 eV), respectively. In addition, there is no simultaneous s and
p peaks overlap with d-band in Fig. 9(a)-(c), confirming that the
interaction of .-Int VOCs are based on p orbitals rather than hybrid
sp? orbitals.

In contrast, PDOS of X-Int VOCs (pyridine and thiophene)
suggest that d orbitals of TM cluster bonds to sp2-orbitals of het-
eroatom. In Fig. 9(d), PDOS of pyridine adsorption shows three
overlapping points of N s and p orbitals and d orbitals of Pt cluster
at —1.00 and 0.01 eV. Likewise, PDOS of thiophene indicates two
overlapping peaks between s and p orbitals of S and d orbitals of
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Fig. 9. Partial density of states (PDOS) of the most stable VOC adsorption on TM-
doped SDG for (a) benzene (b) furan (c) pyrrole (d) pyridine (e) thiophene. Arrows
indicate interactions between TM and VOCs. (For interpretation of the references to
colour in the text, the reader is referred to the web version of this article.)

Pt cluster at —1.46 and 0.06eV, see Fig. 9(e). In addition, a cou-
pling between s orbitals of S and d orbitals of Pt is also observed at
—2.71 eV (red arrow).

4. Conclusion .

In this study, we performed periodic DFT calculations to inves-
tigate the adsorption of five cyclic compounds VOCs, which are
benzene, furan, pyrrole, pyridine, and thiophene, on TM-doped
SDG surfaces. The large binding energy of TM deposited on SDG
suggests that TM atom and TM nanocluster bind strongly on the
SDG surface. In terms of VOCs adsorption, Pt cluster deposited on
SDG is the most suitable as a VOC adsorbent since the adsorption
since the adsorption. Each VOC adsorbs strongly to the TM-cluster-
deposited SDG, particularly to the Pt4-A doped SDG. Benzene, furan
and pyrrole bind in the w-Int mode, while pyridine and thiophene
favor X-Int ligation. Our work contributes to the understanding the
adsorption of VOCs on SDG surfaces. Pt4-A-doped SDG is a suitable
candidate for VOCs removal. In addition, density of states analy-
sis suggests that benzene, furan, and pyrrole interactions with TM
cluster are based on p-orbitals of carbon atoms, while pyridine and
thiophene interactions are facilitated by hybridized sp2-orbitals of
heteroatoms. This work provides a key insight into the fundamen-
tals of VOCs adsorption on carbon-based adsorbent.
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